The circadian rhythms in bioluminescence and photosynthesis in Gonyaulax polyedra suspended in unsupplemented sea water have been compared to the same rhythms in f/2, an enriched seawater medium.
In the marine dinoflagellate, Gonyaulax polyedra, a number of circadian rhythms are well documented, including those in bioluminescence (12) , photosynthesis (5) , and cell division (13) . For these studies, the cells were grown and tested in the enriched seawater medium, f/2 (4) . In preparing this medium, 0.88 mM sodium nitrate is added to filtered seawater which usually also contains nitrate. Soil extract is also often included, adding its contribution of nitrate which may be considerable. Recently, measurements of the circadian rhythm in bioluminescence were made using Gonvaulax suspended in ASW2 without supplements. The particular sample of seawater used was collected during the summer of 1983, during the El Nino conditions and contained less than 0.5 gM nitrate (B. B. Prezelin, personal communication). Control cultures in f/2 medium showed the usual circadian period under the prevailing conditions of continuous light and constant temperature. However, Gonyaulax suspended in ASW showed a distinctly shorter circadian period. The interaction of nitrate with the circadian clock is of interest in the light of the strong phase shifting by inhibitors of protein synthesis on cytoplasmic ribosomes observed in Gonyaulax (14, 15) and several other rhythmic systems (3, 8, 9) . We report the details of these experiments in the following paper. culture in f/2 medium (4) made up with seawater collected off shore in the Santa Barbara Channel in polyethylene carboys on either April 27 or July 18, 1983. Cultures were irradiated with cool-white fluorescent lamps for 12 h each day (LD 12:12) at 1 mw cm-2 and 20 to 21C. Cells were allowed to grow in batch culture to stationary phase (8,000-10,000 cells ml-') before use. Before the beginning of an experiment, cultures were transferred to continuous light at 450 ,uw cm-2 at the end of a normal light period. At different times during the following 12 h, cells were removed from the growth medium by filtration through nitex, pore size 25 Aim, and resuspending either in ASW or fresh f/2 medium. Cell suspensions were then returned to LL and the circadian rhythm in either bioluminescence or photosynthesis was measured.
MATERIALS
The bioluminescence of l-ml aliquots of the cell suspensions was stimulated by the addition of 0.5 ml of 5 mM acetic acid. The resulting light was sensed by a photomultiplier photometer, accumulated by a capacitor and read on a voltmeter, as described previously (1 1).
Photosynthesis was measured by the '4C technique as described previously (10) . Two ACi NaH'4C03 were added to 15 ml cell suspension which was then incubated in white light (1.8 mw cm 2) for 30 min. Cells were harvested on Millipore filters (25 mm diameter), fumed over concentrated HCl, the filters were dissolved in 10 ml scintillation solvent (ACS, aqueous counting scintillant, Amersham) and counted on a LS6800 Beckman liquid scintillation counter. Samples were also incubated in darkness as controls for dark fixation of C02, and one sample of 100 M1 of the bicarbonate used was counted to determine its activity.
The mol C fixed were calculated using the method of Strickland (1 1). The alkalinity was taken as 2 and dark values were subtracted from the C fixed in the light. Chl content was determined from the absorption of acetone extracts using the equations of Jeffrey et al. (6) . (Fig. 1 (Fig. 3) . One (Fig. 4) . Interestingly, the amplitude of the rhythm in photosynthesis was lower in cells in ASW, as it was in the bioluminescence rhythm.
The Chl a content of cells suspended in ASW decreased from an original value of 50.3 gg 10' cells-' to 23.0 gg 10' cells-' in the 9th cycle in LL (Table I) , while the Chl a content in cells in f/2 remained unchanged over this time (52.7 gg IO' cells-'). This difference in Chl content is consistent with nitrogen deficiency in cells in ASW.
DISCUSSION
The experiments described here clearly show that the circadian period in Gonyaulax, as seen in both bioluminescence and photosynthesis, varies with the nitrogen content of the medium, being shorter under conditions of reduced nitrogen. It is surprising that the change in the period took place almost immediately, certainly within the first two cycles after changing the nitrate concentration of the medium, and no special procedures to deplete intracellular nitrogen were necessary to demonstrate the Plant Physiol. Vol. 75, 1984 shortening of the period upon transfer to ASW. The nitrate concentration in coastal waters where blooms of G. polyedra occur is much lower than that in f/2 medium, so that ASW may more closely mimic conditions in nature. Under natural conditions, the circadian period will be entrained by environmental day and night to exactly 24 h and the shortened free-running period will not be manifested.
Since the cells used for these experiments were in stationary state, no longer in cell division, nitrogen must have been required only for cell maintenance. This may include the synthesis each day of the luciferase in Gonyaulax (1) .
A reduction in the amplitude was also observed in both circadian rhythms studied. A smaller Pma. was reported for the dinoflagellate, Gvmnodinium splendens, under nitrate depletion, although this was not studied with respect to any change in the circadian clock (2) .
Perhaps the results can be understood in the light of the demonstration (13, 14) that inhibitors of cytoplasmic protein synthesis can change the phase ofthe circadian clock in Gonyaulax, a phenomenon also observed in Neurospora (3, 8) and Aplysia (9) . Thus, protein synthesis appears to be required for clock function, even in stationary phase cells. If nitrogen deficiency were slowing or preventing the synthesis of this protein or proteins, one would expect nitrogen deficiency to affect the clock. However, an acceleration of timing giving rise to a shorter period as reported here is unexpected.
It is possible that the shorter period and the lower amplitude ofthe circadian rhythms in both bioluminescence and photosynthesis are causally related, the period becoming shorter under nitrogen depletion as a result of the lower amplitude which can be reached in a shorter time. Amplitude is usually not considered in experiments designed to clarify the nature of the circadian oscillator because this property seems to be too closely related to LITERATURE CITED
